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Parental care is a key life-history trait that increases offspring fitness. When one thinks of parental care, nurturing behaviors such as guarding, provisioning, and grooming typically come to mind. However, such conventional forms of care often co-occur with offspring abandonment or filial cannibalism (the consumption of one's offspring). Offspring abandonment and filial cannibalism are typically viewed as evolutionary conundrums that are contradictory to parental care. Here, we hypothesize that when offspring survival is density dependent, offspring abandonment and filial cannibalism can themselves function as forms of parental care for remaining offspring. We use a mathematical model to test this hypothesis. Our results suggest that offspring abandonment and filial cannibalism can function as forms of parental care. These results have the potential to broaden our general understanding of what is considered to be parental care.
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INTRODUCTION

Parental care is a fundamental life-history trait found in many animals (Clutton-Brock, 1991; Royle et al., 2012). Parental care increases offspring fitness and includes behaviors such as egg cleaning (Knouft et al., 2003; Alonso-Alvarez and Velando, 2012; Klug and Bonsall, 2014), offspring guarding (Klug et al., 2005; Buzatto et al., 2007; Kölliker, 2007; Alonso-Alvarez and Velando, 2012; Klug and Bonsall, 2014), provisioning of young (Simmons and Parker, 1989; Kölliker, 2007; Alonso-Alvarez and Velando, 2012; Klug and Bonsall, 2014), and oviposition-site selection (Refsnider and Janzen, 2010).

Parental care commonly co-occurs with behaviors such as offspring abandonment and filial cannibalism, i.e., the consumption of one's own offspring (Lack, 1954; Rohwer, 1978; Clark and Wilson, 1981; FitzGerald, 1992; Manica, 2002; Payne et al., 2002; Klug and Bonsall, 2007; Zuckerman et al., 2014). Offspring abandonment and filial cannibalism have typically been viewed as evolutionary conundrums that are contradictory to parental care (Klug and Bonsall, 2007). However, it has been noted that offspring abandonment and filial cannibalism might occur in response to density-dependent offspring mortality (i.e., a situation in which offspring mortality increases as offspring density increases) (Lack, 1954; Clark and Wilson, 1981; Payne et al., 2002, 2004; Klug and Bonsall, 2007; Zuckerman et al., 2014). If egg survival is density dependent, such that removing some offspring from a clutch improves the survival of remaining offspring (see, e.g., Smith et al., 1987; Bjørnstad et al., 1999; Payne et al., 2002; Gunnarsson et al., 2006; Klug et al., 2006; Vallon et al., 2016), offspring abandonment and filial cannibalism might themselves be forms of parental care for remaining offspring.

To the best of our knowledge, the idea that offspring abandonment and filial cannibalism might themselves be and evolve as forms of parental care, even in the absence of other more conventional parental care behaviors, has not been explicitly considered. Below, we outline how offspring abandonment and filial cannibalism might serve as forms of parental care and then develop a mathematical model of offspring abandonment and filial cannibalism to evaluate this hypothesis.

Offspring of many species lay young in close proximity to one another. For example, eggs of fish are often spawned in close proximity to other eggs within a male's territory (Baylis, 1981). Likewise, even in the absence of care, communal egg laying is common in a range of insects, retiles, and amphibians (reviewed in Sean Doody et al., 2009). As a result, it is common for offspring, particularly eggs, to be laid in a given area. In addition, parental care behaviors such as provisioning, cleaning, and thermoregulation typically require offspring to be spatially clumped. Given this, we would often expect offspring density to increase early in the evolution of parental care. If offspring become clumped at the site of laying or oviposition—either because other forms of care require clumping or because eggs begin to be deposited in a given area (Baylis, 1981; Sean Doody et al., 2009)—we might expect offspring mortality to be influenced by within-clutch offspring density. When offspring are present at high density, there is potentially increased disease transmission (Vallon et al., 2016), decreased oxygen availability (Payne et al., 2002, 2004), or decreased food (Shepherd and Cushing, 1980; Frederiksen and Bregnballe, 2000), and density-dependent offspring mortality has been found in a range of systems (Smith et al., 1987; Bjørnstad et al., 1999; Payne et al., 2002; Gunnarsson et al., 2006; Vallon et al., 2016). If parents can reduce the density, and thereby the overall mortality, of their young through filial cannibalism or abandonment of young (i.e., the removal of young from the oviposition or laying site), cannibalism or abandonment might themselves function as parental care. Indeed, some previous research suggests that filial cannibalism can improve the survival of remaining offspring. For example, in the beaugregory damselfish (Stegastes leucostic), fathers were more likely to eat eggs under low oxygen conditions, and this is hypothesized to be an adaptive way for these males to reduce density and improve the survival of remaining offspring under low oxygen conditions (Payne et al., 2002).

Below, we use a theoretical model to test the hypothesis that offspring abandonment and filial cannibalism can function as forms of parental care. We explore the fitness benefits of offspring abandonment and filial cannibalism when egg mortality is affected by within-clutch egg density effects. Under certain circumstances, we expect that when egg mortality is affected by within-clutch density effects, offspring abandonment and filial cannibalism can be selected for due to increases in overall offspring survival; in contrast, we would expect offspring abandonment and filial cannibalism to be associated with no or relatively weak benefits when egg survival is not affected by within-clutch density effects. To isolate potential benefits of offspring abandonment and filial cannibalism, we focus only on these two strategies and assume that no other forms of post-hatching parental care occur.

MATERIALS AND METHODS

Model Overview

Using an evolutionary ecology model following Klug and Bonsall (2010) (see also Klug and Bonsall, 2007, 2014; Bonsall and Klug, 2011a,b), a rare mutant that exhibits offspring abandonment or filial cannibalism is introduced into a resident population with no abandonment or cannibalism (equations 1–25 below). The resident population is assumed to be in ecological equilibrium (equations 3–4 below), and we ask whether the mutant exhibiting offspring abandonment or filial cannibalism can invade the resident population from rare. We determine if offspring abandonment and filial cannibalism can function as a form of parental care for the remaining offspring and result in positive fitness that would allow the mutant strategy to evolve.

In our model, individuals undergo egg and juvenile stages before maturing and reproducing as adults. Resident and mutant individuals have the same life-history parameters prior to accounting for costs and benefits of abandonment or cannibalism (described below). The mutant then differs from the resident in two ways: first, as mentioned above, we would expect offspring of many species to be clumped after laying or oviposition; as such, within-clutch density effects are expected to occur, and we therefore assume that mutant egg survival is affected by within-clutch egg density effects (Figure 1). Specifically, as within-clutch density effects increase (rm in Equation 5 below), egg mortality increases for mutants (equations 19–20 below). Second, resident and mutants differ as mutants exhibit offspring abandonment (equations 15, 17, and 18 below) or filial cannibalism (Equation 16 below).
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FIGURE 1. Egg death rate of mutants is affected by costs and benefits of abandonment and cannibalism and by density effects. (A) When parents abandon or consume some of their offspring, egg death rate might initially increase because eggs are damaged or killed when they are removed from the laying or oviposition site or as they are consumed (small dashed line; abandonment scenario 1). Alternatively, abandonment might improve egg survival (medium dashed line; abandonment scenario 2), as removed eggs could have greater survival away from the laying or oviposition site when density effects exist. Specifically, in (A) we assumed that initial, baseline egg death rate (dEm0) was equal to 0.4; as parents abandon or consume their young, the egg death rate (dEmL or dEmβ) when accounting for this abandonment (L) or cannibalism (β) increases due to the mortality caused by parents or decreases due eggs being moved to another, less dense location. (B) As offspring are assumed to be spatially clumped in the early evolution of care, we assume that there are density effects on egg death rate. Specifically, as within-clutch egg density (rm) increases, egg death rate (dEmdd) increases. In (B), we assumed that baseline egg death rate (dEm0) was equal to 0.4 and that the level of abandonment or filial cannibalism was equal to 0.4 (i.e., L = β = 0.4), which means that dEmL = dEmβ = 0.8 when abandonment and cannibalism decrease egg survival and dEmL = 0.268 when abandonment increases egg survival. In (B), we assumed that the magnitude of density effects, z, was equal to 0.01. (C) When parents abandon or consume offspring, within-clutch egg density is reduced. As a result, abandonment or filial cannibalism decrease within-clutch egg density of remaining eggs, and thereby reduce egg death rate. In (C), we again assumed that baseline egg death rate (dEm0) was 0.4, that the rate of cannibalism or abandonment (L or β) was 0.4, and that z = 0.01; we also assumed that rm = 25. The small dashed line illustrates the scenario in which cannibalism and abandonment initially increase egg death rate; the medium dashed line illustrates the scenario in which abandonment initially decreases egg death rate. See text for full details of model equations and parameters.



Filial cannibalism is always assumed to reduce offspring survival (i.e., offspring die when consumed by parents; Equation 16 below). With regard to abandonment, we consider scenarios in which being abandoned either increases or decreases offspring mortality. In the first scenario (abandonment scenario 1), abandonment increases egg mortality (Equation 15 below) but also reduces the magnitude of density effects on egg mortality when density effects exist (equations 19–20 below) (Figure 1). Such an abandonment scenario is reflective of situations in which offspring are damaged or killed when they are removed from the laying or oviposition site (i.e., eggs are damaged during the process of abandonment). Alternatively, it is possible that being abandoned could be beneficial to young when within-in clutch density effects occur. That is, when within-clutch density affects egg survival, abandoning young and removing them from a territory, nest, or given area might increase their survival. In the second abandonment scenario (abandonment scenario 2), we therefore assume that being abandoned improves survival of abandoned offspring, as they will no longer experience within-clutch density effects. In such a scenario, abandonment is assumed to increase the survival of those abandoned offspring, thereby increasing overall initial offspring survival, and we assume that overall egg survival increases as the rate of abandonment increases when density effects occur (Equation 17 below). When parents exhibit filial cannibalism, they receive energetic benefits that increase adult mutant survival (Equation 23 below); no energetic benefits are associated with offspring abandonment.

We model scenarios in which density effects either do or do not affect within-clutch egg mortality; in doing so, we determine if the density effects on egg mortality allow abandonment or cannibalism to result in positive fitness.

Our framework, which is described in more detail below, utilizes evolutionary invasion analysis (see, e.g., Ch. 12 of Otto and Day, 2007). Specifically, this approach allows us to consider whether a population that is initially fixed for a strategy (no abandonment or cannibalism) can be invaded by a mutant strategy that represents a different abandonment or cannibalism strategy. Our model and analyses therefore focus on the evolutionary origin of new strategies in a population. This allows us to gain insight into the conditions under which abandonment and filial cannibalism are most likely to result in positive fitness and be able to invade a resident population exhibiting no abandonment or cannibalism.

Full Model Dynamics

Resident Parameters

To utilize evolutionary invasion analysis, one must first identify the dynamics of the resident strategy in the absence of the mutant strategy (Otto and Day, 2007). In our model, individuals pass through an egg (E), juvenile, and adult stage (A). In the population, eggs increase as adults reproduce and decrease as eggs mature and as they die, such that
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Here, r represents the rate of egg fertilization by individual adults in the population; as such, in this model, r can be thought of as a measure of within-clutch egg number. The term dE represents egg death rate and mE represents egg maturation rate. The population has a carrying capacity represented by K, and adult reproduction is restricted by density-dependence. Adults in the population increase as eggs mature and pass through the juvenile stage, and decrease as adults die, such that
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Here, τ represents the length of the juvenile stage and σJ represents the rate of survival through the juvenile stage.

The next step of evolutionary invasion analysis is to determine the equilibria of the resident model (Otto and Day, 2007). The ecological equilibrium densities in the resident population will occur when [image: image] In our model, the ecological equilibria are thus:
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and
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Mutant Dynamics and Fitness

The third step of evolutionary invasion analysis is to define the dynamics of a mutant strategy and identify the interaction between the mutant and resident individuals (Otto and Day, 2007). The following equations provide the invasion dynamics of the rare mutant:
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Here, the subscript m is used to show that these variables relate to the mutant strategy of abandoning or cannibalizing offspring, and A* represents the equilibrial abundance of the resident adult population (i.e., the abundance when [image: image]). As with the resident strategy, mutant eggs increase in density as adults reproduce and decrease as eggs die or mature and leave the egg stage (Equation 5); likewise, mutant adults increase in density as mutant eggs mature, survive, and pass through the juvenile stage and decrease in density as adults die (Equation 6). As the mutant is assumed to be rare, mutant reproduction is limited by competition with adult residents (Equation 5); through this competition for resources that limit reproduction, mutant and resident individuals are assumed to interact. For mutants, parents are assumed to be spatially associated with their young (discussed above). Given this, rm can be thought of as a measure of within-clutch density for mutants.

Unless otherwise noted, all resident parameters are equal to their corresponding baseline values, which are provided below, such that:
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Additionally, unless otherwise noted below, all mutant parameters are equal to their corresponding baseline values, which are provided below, such that:
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In other words, except for where noted below, we assume no trade-offs on mutant or resident parameters.

Mutant Trade-Offs Associated With Abandonment and Cannibalism

When mutant parents exhibit offspring abandonment or filial cannibalism that decreases the survival of those offspring that are abandoned (abandonment scenario 1 above) or consumed, the baseline mutant egg death rate is equal to the baseline resident egg death rate plus the level of abandonment or cannibalism exhibited, such that:
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where L is equal to the rate of egg abandonment, and
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where β represents the rate of filial cannibalism. Thus, the rate of egg mortality initially increases as eggs are directly lost due to abandonment or cannibalism (Figure 1A).

For the scenario in which abandonment is beneficial to young (i.e., when abandonment increases survival of offspring that are abandoned, thereby improving overall offspring survival; abandonment scenario 2 above, Figure 1A), the baseline mutant egg death rate decreases as the level of abandonment increases when density effects are present, such that:
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In the scenario in which we assume no negative consequence of being removed from the site of laying or oviposition (abandonment scenario 2), egg survival is assumed to be unaffected by abandonment when density effects are not present, such that:

[image: image]

In scenarios in which there are density effects on within-clutch egg mortality, the mutant egg death rate then increases as mutant within-clutch egg density effects (rm) increase:
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for the case of abandonment, and:
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for the case of filial cannibalism (Figure 1B). Here, z represents the magnitude of density effects acting on egg mortality, and the magnitude of density effects on egg mortality increases as the value of z increases (Figure 2). In the above equations 19 and 20, the only difference is whether abandonment or filial cannibalism occurs (i.e., density effects are assumed to be the same for abandonment and cannibalism).
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FIGURE 2. The magnitude of density effects in relation to egg death rate. Egg death rate of mutant individuals increases as within-clutch density effects increase (see Equations 19–20 in the text for additional details). The term z is a measure of the magnitude of these density effects. As z increases, density effects increase, and egg mortality increases for a given within-clutch egg density, rm, with increasing z. Here, we assumed that: (i) within-clutch egg density, rm, was 25; (ii) baseline egg death rate (dEm0) was equal to 0.4; and (iii) the level of abandonment or filial cannibalism was equal to 0.4 (i.e., L = β = 0.4). In this case, we assume that both cannibalism and abandonment decrease egg survival, and as a result, the egg death rate after accounting for egg loss due to abandonment or cannibalism was equal to 0.8. If we assume that z = 0.01, which is the value of z assumed in most of our analyses below, density effects would cause egg mortality rate (dEmdd) to increase to approximately 1.05. If z were larger, density effects would cause egg mortality rate to be even greater.



To determine whether density effects allow offspring abandonment and filial cannibalism to function as forms of care, we compare the fitness of abandonment and cannibalism for the scenario in which (1) density effects exist (see also Figure 1B) and (2) density effects are absent and there are no density effects on egg mortality (i.e., dEm = dEm0, as in Equation 11 above). In comparing the scenarios in which density effects are present vs. absent in mutants, we are able to determine if the density effects themselves lead to relatively high fitness of abandonment and cannibalism.

When density effects on within-clutch egg mortality exist, decreasing density via abandonment or cannibalism is assumed to offset the overall density effects on egg mortality. Specifically, the rate of abandonment or cannibalism offsets the effects of density on egg mortality (Figure 1C), such that:
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for the case of offspring abandonment, and:
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for the case of filial cannibalism. In equations 21 and 22, which only differ with respect to whether abandonment or cannibalism is occurring, s reflects the magnitude of the benefit of reducing egg density in relation to egg survival; when s is large, egg death rate decreases at a greater rate as eggs are removed from the nest through abandonment or cannibalism in comparison to the case in which s is relatively small.

In summary, mutant eggs experience three main effects related to mortality: (1) offspring abandonment and filial cannibalism can initially affect egg mortality as eggs are removed from the nest or consumed (Figure 1A); (2) as eggs are assumed to be spatially clumped, density effects associated with rm can also increase egg mortality (Figure 1B); and (3) removing some eggs through abandonment or cannibalism can reduce density and offset density effects, thereby reducing mortality of remaining eggs and the overall egg mortality rate (Figure 1C).

When parents abandon their offspring, we assume that offspring are killed or simply removed from the vicinity of the parent and other offspring (e.g., they might be pushed out of a nest of removed from a territory). When parents exhibit filial cannibalism, we assume that there is an energetic benefit of eating eggs that leads to increased parental survival, such that:
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Here, γ represents the relative level of energetic benefits provided to the parent through filial cannibalism. In this model, γ = 0.5 is used to represent relatively low energetic benefits of cannibalism, and values of 1 and 1.5 represent moderate and high energetic benefits of cannibalism (Figure 3).
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FIGURE 3. Energetic benefits of filial cannibalism to mutant parents. Mutant parents that exhibit filial cannibalism are assumed to gain energetic benefits that reduce their mortality (dAm). Here, we consider three levels of energetic benefits of filial cannibalism (γ): low energetic benefits to parents (small dashed line), such that dAm = dAm0*Exp[−0.5*β]; medium energetic benefits to parents (medium dashed line), such that dAm = dAm0*Exp[−1*β]; and high energetic benefits to parents (large dashed line), such that dAm = dAm0*Exp[−1.5*β]. In all cases illustrated here, we assume that dAm0 = 0.4.



Invasion Matrix and Fitness Calculation

The fourth step of evolutionary invasion analysis is to perform a local stability analysis to determine the dominant eigenvalue of the invasion matrix. The dominant eigenvalue can be thought of as the reproductive factor or growth rate of the mutant when the mutant is rare and can provide a measure of fitness of the mutant strategy (Otto and Day, 2007). In other words, the relative fitness of the mutant (i.e., the fitness of the mutant strategy relative to that of the resident) is measured as the population-level growth rate of that mutant strategy, which is the dominant eigenvalue from following matrix:

[image: image]

The components of the above matrix are derived from the dynamics of the linearized mutant strategy around the trivial steady state and are specifically determined by the partial derivative of the demographic dynamics of the mutant (equations 5–6 above). The dominant eigenvalue of the above matrix can then be determined by solving the resulting characteristic equation for λ. Specifically, as τ → 0, taking the determinant of expression 24 above yields the following characteristic equation:
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Here, solving for λ and determining the dominant eigenvalue provides us with a Fisherian measure of the fitness of the mutant strategy relative to the resident strategy (i.e., a measure of the relative growth rate of the mutant strategy or a measure of the reproductive factor of the mutant strategy; Otto and Day, 2007). Specifically, the eigenvalues of expression 24 are the values of λ that satisfy Equation 25 above. When λ is greater than zero (that is, local stability around the trivial steady state for the mutant strategy is unstable), the mutant strategy (offspring abandonment or filial cannibalism) is associated with positive fitness and would be expected to be able to invade the resident strategy of no abandonment/no cannibalism. When fitness is negative, abandonment and cannibalism are not expected to be able to evolve.

Given that the aim of our model is to provide a first, proof-of-concept consideration of whether offspring abandonment and/or filial cannibalism can potentially increase remaining offspring survival and can therefore ever be considered a form of parental care, we considered the following fixed parameters for our analyses unless otherwise noted below:

dE0 = dEm0 = 0.4, dA0 = dAm0 = 0.4, mE = mEm = 0.4, K = Km = 1000, r = rm = 25, σJ = σJm = 0.1, τ = τm = 0.1, s = 3, and z = 0.01. It is important to note that as we use a continuous time model, mortality and maturation are quantified as rates (e.g., egg death rate is the instantaneous rate at which eggs die at time t). Thus, mortality and maturation rates do not need to be less than one to be biologically realistic. To assess the generality of our findings, we then also examined how the fitness of offspring abandonment and filial cannibalism change in relation to within-clutch egg density, the magnitude of benefit of abandoning or eating eggs in relation to within-clutch density effects, and baseline egg and adult mortality.

After determining the parameters under which offspring abandonment and filial cannibalism can potentially function as forms of parental care, it would be possible to then determine if there is a trait value that can resist invasion by other rare mutant strategies (i.e., the evolutionary stable strategy, ESS). However, the aim of our model is not to identify any particular ESS conditions, particularly since any ESS is likely to depend on the specific parameters and trade-offs associated with abandonment or cannibalism; rather, our aim is to determine if offspring abandonment and/or filial cannibalism can result in positive fitness when density effects occur and therefore function as forms of parental care.

All analyses were performed in Wolfram Mathematica version 8.0 or higher, and the Mathematica code for the model is publicly available in the Open Science Framework at the following link: https://osf.io/y4a82/.

RESULTS

When mortality increases as within-clutch density effects increase, offspring abandonment that either increases or decreases the survival of abandoned offspring can function as a form of parental care, and fitness is positive over a range of levels of offspring abandonment (Figures 4A,B). When egg mortality does not depend on within-clutch density effects, the fitness of offspring abandonment is negative relative to the no-abandonment scenario across the parameters considered (Figure 4A). Thus, the positive fitness that results from offspring abandonment in this scenario is due to the presence of density effects on egg mortality. Offspring abandonment is particularly likely to result in fitness benefits and be selected for when the process of abandoning young improves the survival of those young that are removed from the nest, territory, and/or laying or oviposition site (Figure 4B).
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FIGURE 4. Offspring abandonment and filial cannibalism function as forms of parental care. When (A) egg mortality increases as within-clutch density effects increase, offspring abandonment that initially decreases egg survival (abandonment scenario 1), beyond a threshold level, is associated with positive fitness and can function as a form of parental care in some cases (solid line). If egg mortality does not increase as within-clutch density effects increase, offspring abandonment will not function as a form of parental care (dashed line). When (B) egg mortality increases as within-clutch density effects increase, offspring abandonment that initially increases egg survival (abandonment scenario 2), beyond a threshold level, is associated with positive fitness and can function as a form of parental care in some cases (solid line). If egg mortality does not increase as within-clutch density effects increase, offspring abandonment will not function as a form of parental care (dashed line, which overlaps with the x-axis). When (C) filial cannibalism reduces the density effects on egg mortality and provides energetic benefits to parents, beyond a threshold, cannibalism can be associated with positive fitness and function as a form of parental care (solid line). If filial cannibalism does not reduce density effects on egg mortality, filial cannibalism will not function as a form of care (dashed line).



With associated energetic benefits and reductions in density effects on egg mortality, filial cannibalism can also function as a form of parental care (Figure 4C). This strategy is associated with positive fitness when density effects occur compared to the scenario where there are no effects of density on egg mortality (Figure 4C). As such, the density effects on egg mortality allow filial cannibalism to function as a form of parental care. In addition, the level of energetic benefits from cannibalism also affect the fitness of cannibalism. In Figure 4C, we assume relatively low energetic benefits. If, however, the energetic benefits of cannibalism are moderate or high, filial cannibalism can be associated with positive fitness even when there are no density effects on within-clutch offspring mortality (Figures 5A,B). These results suggest that filial cannibalism can evolve as a form of parental care and/or be favored by energetic benefits.
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FIGURE 5. Energetic benefits affect the fitness of filial cannibalism. When filial cannibalism provides (A) moderate or (B) high energetic benefits to parents, fitness associated with filial cannibalism can be positive even when there are no effects of density on within-clutch mortality (dashed line). The solid line reflects the scenario in which there are density effects on egg mortality.



As one would expect, the fitness associated with offspring abandonment and filial cannibalism will be greater when the magnitude of the benefit of abandonment and cannibalism in relation to offsetting density effects is relatively large (Figures 6A,B). Likewise, the fitness associated with offspring abandonment and filial cannibalism that offset density effects on egg mortality will be greater at higher within-clutch mutant egg densities (Figures 7A,B). Offspring abandonment and filial cannibalism that offset density effects are also expected to be associated with relatively high fitness when baseline egg mortality is relatively high (Figures 7C,D). This pattern likely occurs because the offspring need for the benefits of abandonment and cannibalism will be greater at higher egg mortalities. In other words, when egg mortality is already low, there will be relatively little need or benefit of any form of parental care. Finally, the fitness benefit of offspring abandonment and filial cannibalism increases as adult death rate increases, particularly for the case of filial cannibalism (Figures 7E,F).
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FIGURE 6. Magnitude of the benefit of abandonment or cannibalism in relation to offsetting density effects. The fitness associated with (A) offspring abandonment that initially decreases (abandonment scenario 1, solid line) or increases (abandonment scenario 2, dashed line) egg survival and (B) filial cannibalism that initially decreases egg survival will be greater when the magnitude of the benefit of abandonment or cannibalism in relation to offsetting density effects (s) is relatively large (see also Equations 21 and 22 in the main text for additional details). In these scenarios, β = 0.6 and all other parameter values are as described in the text.
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FIGURE 7. The relationship between (A,B) within-clutch mutant egg density, (C,D) baseline egg death rate, (E,F) baseline adult death rate and the fitness associated with offspring abandonment and filial cannibalism. In these scenarios, we assume that density effects are present and that; all other parameter values are as described in the text. For offspring abandonment, the solid line illustrates the scenario in which abandonment initially decreases offspring survival (abandonment scenario 1) and the dashed line illustrates the scenario in which abandonment initially increases offspring survival (abandonment scenario 2).



DISCUSSION

Our results illustrate that offspring abandonment and filial cannibalism can themselves function and evolve as forms of parental care when density affects within-clutch egg mortality. As noted, density has been found to affect egg survival, and in some cases abandonment or cannibalism, in a range of species (Smith et al., 1987; Bjørnstad et al., 1999; Payne et al., 2002; Gunnarsson et al., 2006; Klug et al., 2006; Vallon et al., 2016). When within-clutch density effects do not influence egg mortality, neither offspring abandonment nor filial cannibalism are expected to result in positive fitness and evolve as forms of parental care. However, offspring abandonment or filial cannibalism could evolve due to other selective pressures. For example, energetic benefits (Rohwer, 1978; Manica, 2002) (see also Figure 5), oxygen availability (Payne et al., 2002, 2004), offspring developmental rate (Klug and Lindström, 2008), and mate competition (Okuda and Yanagisawa, 1996) can independently favor the evolution of offspring abandonment or filial cannibalism. Indeed, our findings (Figure 5) suggest that filial cannibalism can evolve in the absence of density effects if the energetic benefits to parents are sufficiently high.

Offspring abandonment and filial cannibalism are most likely to be able to evolve as forms of parental care when within-clutch density effects are relatively high. Indeed, we might not expect offspring abandonment or filial cannibalism to evolve as a form of parental care when within-clutch egg density is relatively low (Figure 7) or when abandoning or eating eggs has relatively little effect on reducing within-clutch egg density effects (Figure 6). Offspring abandonment and filial cannibalism are also most likely to be favored as forms of parental care when egg death rate is relatively high, as this is when offspring need some form of care the most, when adult death rate is relatively high (Figure 7), and when eggs are not damaged or killed by the process of abandonment (Figure 4B). These findings that abandonment and cannibalism that offset within-clutch density effects will be more likely to evolve when egg and adult mortality rates are high is consistent with our previous work (e.g., Klug and Bonsall, 2010). Classic life-history theory (e.g., Stearns, 1992) suggests that parents should provide care when offspring need it and that they should invest more heavily in current reproduction when mortality is relatively high, as this is when the potential for future reproductive opportunities are relatively low.

In general, the finding that offspring abandonment and filial cannibalism can, in theory, function as forms of parental care if they reduce within-clutch density effects and increase net offspring survival begs the question of why parents would ever produce more offspring than is optimal. Indeed, if within-clutch density effects cause overall egg survival to be relatively low, why would parents ever produce so many eggs? Our previous research on filial cannibalism and abandonment suggests that, all else being equal, parents should not overproduce eggs simply to abandon or eat them (Klug and Bonsall, 2007). When possible, parents should produce eggs at optimal densities. However, it is not always possible for parents to assess, in the most accurate way, the environment that their offspring will end up in. In some cases, factors that affect how many young can survive, including food availability, oxygen availability, diseases presence, and predation, might change in an unpredictable manner in some cases, particularly when abiotic and biotic factors vary spatially or temporally in a given location. Thus, we would expect offspring abandonment and filial cannibalism to be more likely to function as forms of parental care when environmental unpredictability makes it difficult for parents to assess and lay at optimal egg densities. Likewise, in some cases females deposit their eggs in the nests or territories of males and do not remain associated with their eggs. In such cases, which is a common pattern in fish species (Baylis, 1981), it may be difficult or impossible for females to identify an optimal density to lay at given that additional females might subsequently add eggs to the nest. Given this, we might expect that abandonment and cannibalism are more likely to function as forms of parental care in fish species in which males receive eggs from multiple females.

In general, it is important to note that offspring abandonment and filial cannibalism will not always function as forms of parental care, even when within-clutch density effects exist. Most likely, these behaviors will only function as forms of parental care under a relatively limited set of conditions: when within-clutch density effects exist, when abandoning or eating some young reduces such density effects, when offspring need care, and when eggs are laid at higher than optimal densities. To formulate empirical tests of whether offspring abandonment or filial cannibalism can function as forms of parental care, it will be key to examine the link between abandonment, cannibalism, and overall (i.e., total) offspring survival at a range of egg densities. Experimental manipulations of abandonment or cannibalism (e.g., through the simulation of these behaviors by removing eggs from a clutch) at a range of egg densities would be a particularly powerful way to explore whether abandonment and cannibalism can improve overall egg survival even in the absence of more conventional forms of parental care. For example, in fishes, insects, reptiles, and amphibians in which eggs are laid in close proximity to one another, we might expect to see (1) within-clutch density effects on egg survival and (2) a benefit of reducing offspring density through egg removal. To some extent, such a pattern was observed in the sand goby (Pomatoschistus minutus), as eggs are laid at high densities in this species and a previous study suggested that egg removal improved the overall survival of remaining young (Klug et al., 2006). Future empirical work is needed to evaluate whether offspring abandonment and filial cannibalism can improve overall offspring survival in a range of species.

To the best of our knowledge, the idea that offspring abandonment and filial cannibalism can themselves be and evolve as forms of parental care—even in the absence of more traditional care behaviors such as guarding or provisioning—is novel. While offspring abandonment and filial cannibalism are typically viewed as contradictory to parental care, our results illustrate that they might not be as contradictory as is commonly thought. Even if abandonment and cannibalism function as forms of parental care under only a limited set of circumstances, the finding that abandoning or consuming one's own offspring can be a form of care has the potential to broaden our understanding of what is considered to be parental care.
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